Three-dimensional (3D) topological insulators (TIs) are a novel state of quantum matter where the insulating bulk hosts gapless topological surface states (SS) with a Dirac-cone energy dispersion [1, 2] which appear within the bulk excitation gap generated by the large spin-orbit coupling (SOC). The SOC is also responsible for the helical spin texture, where the spin direction is locked perpendicularly to the momentum. This peculiar spin texture [3, 4] is the source of the dissipationless spin current that exists in equilibrium [5] , as well as the immunity of Dirac fermions to the backward scattering [1] . Moreover, it has been predicted [6] that if superconductivity is induced in such spin-helical Dirac fermions, non-Abelian Majorana fermions that are the essential ingredient of topological quantum computing may emerge in the vortices. Angle-resolved photoemission spectroscopy (ARPES) has played a crucial role in the discovery of 3D TIs owing to the momentum (k) resolving capability and the high surface sensitivity. In fact, previous ARPES studies have identified a few types of new 3D TIs in the compounds containing group-V elements bismuth (Bi) and/or antimony (Sb), by observing the complex topological SS in Bi 1−x Sb x alloys [7] [8] [9] and the simpler topological SS with a single Dirac cone in tetradymite semiconductors (Bi 2 Se 3 and Bi 2 Te 3 ) [3, 10] and thallium-based ternary chalcogenides (TlBiSe 2 and TlBiTe 2 ) [11] [12] [13] .
Recently, it has been proposed on the basis of the band structure calculations [14] [15] [16] that lead (Pb)-based layered ternary chalcogenides PbM 2 X 4 (M: Bi, Sb, X: Se, Te) are a promising candidate for a new class of 3D TIs. According to the calculations, some compounds of this system show a single Dirac cone at the Brillouin-zone (BZ) center originating form the topological SS, and a band inversion takes place at the Z or Γ point in the bulk BZ [15, 16] as suggested by the parity analysis of valence-band wave functions [16] . However, a clear experimental demonstration of the TI nature of Pb-based ternary chalcogenides has not yet been made, mainly due to the lack of high-quality single crystals. Finding a new class of 3D TIs with possibly tunable Dirac carrier properties is particularly important, since only a few TI materials have been found to date and it has been difficult to tune the carrier type of the Dirac fermions in bulk TI crystals.
In this Letter, we report a high-resolution ARPES study of Pb-based ternary chalcogenides Pb(Bi 1−x Sb x ) 2 Te 4 . We have experimentally established that this system constitutes a new family of 3D TIs, by observing a single Dirac-cone-like surface band structure at the BZ center. We also demonstrate that the chemical potential µ (and thus the sign of the Dirac carriers) is tunable by controlling the Bi/Sb ratio. We discuss the present ARPES results in relation to the band calculations as well as to previous ARPES studies of other TIs.
Single crystals of Pb(Bi 1−x Sb x ) 2 Te 4 with x = 0.0 and 0.4 were grown by melting stoichiometric amounts of high-purity elements (Pb 99.998%, Bi, Sb, and Te 99.9999%) in a sealed evacuated quartz tube at 900
• C for 1d, followed by slow cooling to 500
• C in about 4d and then switching off the furnace. On the other hand, the x = 1.0 crystal is difficult to grow from the stoichiometric melt [17] ; in the present work, we melted the high-purity elements Pb, Sb, and Te with the molar ratio of 2:6:11 in a sealed evacuated quartz tube at 900
• C for 1d and then cooled it to room temperature at a rate of 48
• C/h. The PbSb 2 Te 4 crystals were found at the bottom of the solidified rod and its crystal structure was confirmed by x-ray diffraction. Pb(Bi 1−x Sb x ) 2 Te 4 has a rhombohedral crystal structure with the layers stacked along the [111] direction as shown in Fig. 1(a) . It consists of septuple ARPES measurements were performed with a VGScienta SES2002 electron analyzer with a tunable synchrotron light at the beamline BL28A at Photon Factory (KEK). We used circularly polarized light of 36-80 eV. The energy and angular resolutions were set at 15-30 meV and 0.2
• , respectively. Samples were cleaved insitu along the (111) crystal plane in an ultrahigh vacuum of 1×10 −10 Torr. The Fermi level (E F ) of the samples was referenced to that of a gold film evaporated onto the sample holder. All the spectra were recorded at T = 30 K. bands are attributed to the hybridized states of Bi/Pb 6p and Te 5p orbitals [14] [15] [16] . As seen in the EDCs along thē ΓM direction in Fig. 1(e) , we find a holelike band with the top of dispersion slightly away from theΓ point (see black arrow) which corresponds to the top of the valence band (VB) with the dominant Te 5p character, in agreement with the calculations which show a local maximum between Z and L points of the bulk BZ [15, 16] . Such a local maximum structure is not reproduced in the calculations without including SOC [15] , suggesting that the observed VB feature is a fingerprint of the strong SOC. One can also see in Figs. 1(c) and 1(e) a weak intensity in the vicinity of E F in the k region between theΓ and M points, which is assigned to the bulk conduction band (CB) of the strong Bi/Pb 6p character that lies above E F in the calculations [14] [15] [16] . In the present ARPES experiment, this band is shifted downward to cross E F , possibly owing to the electron-doped nature of as-grown crystals as in the case of other 3D TIs [3, [10] [11] [12] [13] . Figure 2 (a) displays the ARPES intensity at E F of PbBi 2 Te 4 plotted as a function of 2D wave vector measured with hν = 80 eV, which covers a wide k region in the surface BZ. In both the first and second BZs, we find a circular-like Fermi surface (FS) centered at theΓ point together with elongated intensity patterns extending toward theM point. To elucidate the FS topology and band dispersion around theΓ point in more detail, we have performed ARPES measurement with higher energy resolution and finer k interval with hν = 60 eV, and the result of the FS mapping is shown in Fig. 2(b) . We also plot the band dispersions for theΓK andΓM directions in Figs. 2(c) and 2(d), respectively.
As clearly seen in the ARPES intensity of Fig. 2(c) , we find a sharply dispersive "V"-shaped electron-like band (denoted SS) whose bottom is located at E B ∼ 0.5 eV. A careful look at energy distribution curves (EDCs) in Fig. 2(e) further reveals the presence of an additional branch band showing holelike dispersion centered at thē Γ point (traced by dashed lines). This branch merges into the V-shaped band exactly at theΓ point, satisfying the Kramers degeneracy and forming a deformed Diraccone dispersion as in Bi 2 Te 3 [10] . The surface origin of these branches was confirmed by the fact that the energy position is stationary with the variation of hν (not shown). Note that the energy position of other bands was also found to be insensitive to the hν variation in the present range of hν, presumably because of the quasitwo-dimensional character of electronic states due to the long c-axis. Nevertheless, the observed gapless dispersion should belong to the SS, since it does not show up in the bulk band calculations of PbBi 2 Te 4 [14, 16] .
One can also see in Figs. 2(c) and 2(d) two electron-like bands within the SS near E F which exhibit a parabolalike (C 1 ) and "w"-shaped (C 2 ) dispersions, corresponding to a small circular pocket and a larger pocket with triangular-like intensity distribution, respectively, in Fig.  2(b) [18] . Furthermore, in Figs. 2(b) and 2(d) another weak intensity (C 3 ) is seen outside of the SS which either form an elongated pocket or are connected to the C 2 band along theΓM direction, although it is hard to experimentally conclude which is the case because of the presence of multiple bands in the close vicinity of E F as well as the possible surface resonance which smears the overall intensity distribution in this k region. The C 1 -C 3 bands are attributed to the bulk CB, and the bottom of the lowest-lying CB is located at the k region where the C 2 band exhibits a local minimum structure, as indicated by a red line for cut B in Fig. 2(c) . Finally, in Fig. 2(d) the highest-lying bulk VB has its local maximum slightly away from theΓ point (at cut C), suggesting an indirect nature of the bulk band gap.
We have quantitatively estimated the bulk band gap by determining the leading (trailing) edge of the VB (CB), as shown by an arrow in Fig. 2(f) . The energy location of the CB bottom and the VB top are ∼ 0.25 eV and ∼ 0.45 eV, respectively, corresponding to the band-gap size of ∼ 0.2 eV, slightly larger than that of the band calculations (0.1-0.15 eV) [14] [15] [16] . Moreover, as seen in the EDC for cut A, the Dirac point (at E B = 0.46 eV) is situated at almost the same energy as the VB top. We have estimated the band velocity at the Dirac point, v Dirac , to be 1.0 eVÅ along theΓM direction, which is only about 35-50% of the value obtained for Bi 2 Te 3 and TlBiSe 2 (2.7 eVÅ [10] and 2.0 eVÅ [11] , respectively).
We highlight in Fig. 3 (a) the FS and band diagrams for the bulk and surface bands obtained from the present ARPES experiment. We recognize complex and anisotropic nature of the CB which is distinctly different from prototypical TIs [3, 10] showing a weaker anisotropy in the CB, likely because of the heavily electron-doped nature of PbBi 2 Te 4 as apparent from the deeper energy position of the Dirac point as compared to other TIs [3, [10] [11] [12] [13] . To show the 2D band dispersion, we plot in Fig. 3(b) the ARPES intensity for x = 0.0 as a function of k x and k y for several E B 's. The triangular-shaped intensity pattern at E F , which is dominated by the contribution from the C 2 band, gradually diminishes upon approaching the Dirac point. At E B = 0.3 eV, we recognize a strongly deformed ring-like intensity pattern which originates from the SS. This ring-like image shrinks and converges into a single bright spot at the Dirac point (E B = 0.46 eV), and then expands again below the Dirac point (E B = 0.5 eV), as expected from the Dirac-cone energy dispersion. At E B = 0.5 eV, we also notice an additional weak intensity extending toward theM point, which originates from the top of the VB as also seen in Fig. 2(d) . To discuss the shape of the Dirac band in more detail, we have quantitatively estimated the k location of the band crossing point in various E B slices above the Dirac point, and a representative result is displayed in Fig. 3(c) . Obviously, the contour map of the band dispersion signifies the hexagonal warping which appears to become more prominent as one moves away from the Dirac point, similarly to the case of other TIs [4, 10, 11, 19 ].
Next we demonstrate the evolution of the electronic states upon Sb substitution for Bi in Pb(Bi 1−x Sb x ) 2 Te 4 . Figures 4(a) -(c) display plots of near-E F ARPES intensity around theΓ point as a function of E B and k, corresponding EDCs, and the FS mapping, for x = 0.0, 0.4, and 1.0, respectively. The band dispersions for x = 0.4 appear to be quite similar to that for x = 0.0, although the overall dispersive features are shifted upward by ∼ 0.15 eV. The C 1 band has completely disappeared in the ARPES intensity, as one can also confirm in the absence of the C 1 pocket in Fig. 4(c) . The C 3 FS also vanishes at x = 0.4. At x = 1.0 (PbSb 2 Te 4 ), on the other hand, the overall spectral feature appears to be quite different from those at x = 0.0 and 0.4. As seen in Fig. 4(a) , we observe a holelike band with a weak intensity at E B = 0-0.3 eV, together with a less dispersive bright intensity pattern at ∼ 0.6 eV. The former band is assigned to the bulk VB which is seen at E B = 0.4-0.6 eV at x = 0.4, whereas the latter band is one of the VB which corresponds to the feature at ∼ 1.0 eV for x = 0.0 [see Figs. 1(c)-(f)], suggesting that the Dirac point for x = 1.0 is located in the unoccupied region.
To quantitatively evaluate the evolution of the electronic states upon Sb substitution, we plot in Fig. 4(d) the band dispersions determined from the peak positions in the EDCs or MDCs. One can recognize that the energy shift of the SS and bulk bands proceeds roughly in a rigid-band manner since the bands for different x values nearly overlap with each other when we plot their energy positions with respect to the Dirac-point energy, despite the total µ shift of as large as 0.6 eV. Indeed, the band dispersion below E F for x = 1.0 suggests that the Dirac point is located above E F by ∼ 50 meV, pointing to the sign change of Dirac carriers from n-type to p-type at some x between 0.4 and 1.0, in agreement with the Hall coefficient measured with our samples which exhibits a negative value at x = 0.0-0.4 and a positive value at x = 1.0. The present result thus demonstrates that the substitution of Bi with Sb results in the µ shift without significantly altering the shape of the Dirac SS, as highlighted in the schematic band picture in Fig. 4(e) .
The experimental realization of the sign change of Dirac carriers points to the high potential of Pb-based ternary chalcogenides for investigation of the various novel topological phenomena which requires the control of Dirac carrier conduction. It would also provide an excellent platform for the development of novel topological devices with p-n junction configurations that are essential for various applications as in semiconductor technology as well as with dual-gate configuration for the electric control of spins [20] . Moreover, the observed variation in the chemical-potential value of ∼ 0.6 eV as achieved by the Bi/Sb replacement, which is the largest amongst known TI systems, is useful for varying the Dirac carrier concentrations in a wide range, though bulk carriers coexist in most of the ranges. A next important step would be to synthesize a truly bulk insulating sample, which could be accessible by a fine control of the Bi/Sb ratio in
